The DNA damage response (DDR) is a complex regulatory network that is critical for maintaining genome integrity. Posttranslational modifications are widely used to ensure strict spatiotemporal control of signal flow, but how the DDR responds to environmental cues, such as changes in ambient oxygen tension, remains poorly understood. We found that an essential component of the ATR/CHK1 signaling pathway, the human homolog of the Caenorhabditis elegans biological clock protein CLK-2 (HCLK2), associated with and was hydroxylated by prolyl hydroxylase domain protein 3 (PHD3). HCLK2 hydroxylation was necessary for its interaction with ATR and the subsequent activation of ATR/CHK1/p53. Inhibiting PHD3, either with the pan-hydroxylase inhibitor dimethyloxaloylglycine (DMOG) or through hypoxia, prevented activation of the ATR/CHK1/p53 pathway and decreased apoptosis induced by DNA damage. Consistent with these observations, we found that mice lacking PHD3 were resistant to the effects of ionizing radiation and had decreased thymic apoptosis, a biomarker of genomic integrity. Our identification of HCLK2 as a substrate of PHD3 reveals the mechanism through which hypoxia inhibits the DDR, suggesting hydroxylation of HCLK2 is a potential therapeutic target for regulating the ATR/CHK1/p53 pathway.
Introduction
Fluctuations in oxygen tension are associated with many disease conditions, including myocardial infarction, stroke, and cancer. During hypoxia, a set of adaptive changes, such as increased erythropoiesis and angiogenesis, occur to maintain oxygen homeostasis (1) . A conserved pathway regulated by oxygendependent prolyl hydroxylation of the α subunit of the master transcriptional regulator HIF-1 plays an essential role in these processes (2) . Hydroxylation of HIF-1α facilitates its binding with von Hippel-Lindau tumor suppressor (pVHL) and subsequent proteasomal degradation (3, 4) . In mammals, there are 3 isoforms of the HIF prolyl hydroxylase domain proteins, termed PHD1-PHD3 (also called EGLN1-EGLN3) (2) . Although it is generally accepted that non-HIF substrates of PHDs exist in the eukaryotic proteome, the identities and roles of these non-HIF substrates of PHDs remain largely unknown. Recently, however, it has been demonstrated that β 2 -AR and pyruvate kinase M2 (PKM2) are also substrates of PHD3 (5, 6) . Similar to prolyl hydroxylation of HIF-1α, prolyl hydroxylation of β 2 -AR promotes its ubiquitylation and degradation via the pVHL pathway (5) . In contrast, prolyl hydroxylation of PKM2 enhances its interaction with HIF-1α, which in turn promotes HIF-1α transactivation (6) . PHD3 is recognized as a proapoptotic protein, with PHD3 being required for neuronal apoptosis induced by nerve growth factor deprivation (7) . However, despite the recent identification of β 2 -AR and PKM2 as substrates of prolyl hydroxylation, the identities of the substrates involved in PHD3-mediated apoptosis remain unknown. Likewise, the exact nature of the involvement of PHD3-mediated prolyl hydroxylation in apoptosis and how these mechanisms might be linked to hypoxic control of apoptosis have yet to be delineated.
Results

PHD3 interacts with HCLK2.
We used MALDI/TOF mass spectrometry (MS) as an inductive and unbiased method of identifying PHD3-associated proteins in HeLa cells stably transfected with Flag-PHD3. Using this approach, we identified the human homolog of the Caenorhabditis elegans biological clock protein CLK-2 (HCLK2), a critical component of the ATR/CHK1 signaling pathway of the DNA damage response (DDR) (8, 9) , as one of the proteins associated with PHD3 ( Figure 1A ). Coimmunoprecipitation experiments revealed that PHD3 (but not PHD1 or PHD2) formed a stable complex with HCLK2 and that this association was unaffected by the hydroxylase inhibitor dimethyloxaloylglycine (DMOG) ( Figure 1B and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI62374DS1). To explore the interaction between PHD3 and HCLK2 further, we engineered a series of constructs expressing fragments of PHD3 and HCLK2 to determine the domains of PHD3 and HCLK2 involved in this interaction. Coimmunoprecipitation experiments indicated that amino acids 117-222 of PHD3 (PHD3 117-222 ), corresponding to its catalytic domain, interacted with endogenous HCLK2 and that amino acids 340-530 of HCLK2 (HCLK2 340-530 ), comprising a region important to ATR binding (5, 10) , was capable of forming a complex with PHD3 ( Figure 1 , C and D). Using recombinant glutathione-S-transferase-HCLK2 340-530 (GST-HCLK2 340-530 ) and PHD3 to perform an in vitro GST pulldown assay, we were able to confirm that HCLK2 340-530 directly interacts with PHD3 ( Figure 1E ). Furthermore, we demonstrated that endogenous HCLK2 could be pulled down by endogenous PHD3 by coimmunoprecipitation ( Figure 1F ). Given the pivotal role that HCLK2 plays in the DDR, we explored whether the association between PHD3 and HCLK2 was affected by the induction of DNA damage. Treating cells with neocarzinostatin (NCS) to induce DNA double-strand breaks and activation of the ATR/CHK1 pathway did not alter the association between PHD3 and HCLK2 ( Figure 1F ), indicating that the interaction between PHD3 and HCLK2 is not affected by DNA damage. Taken together, these results demonstrate that PHD3 and HCLK2 directly associate with each other both in vitro and in vivo and that this association is independent of hydroxylation or DNA damage.
PHD3 plays a crucial role in the ATR/CHK1/p53 pathway following DNA damage. Depletion of HCLK2 compromises the DDR, including ATR/CHK1 and ATM/CHK2 pathways in response to ionizing radiation (IR), UV light, and hydroxyurea, which correlates with significantly reduced protein levels of ATM, ATR, and CHK1 (8) (9) (10) . Given our data demonstrating a direct interaction between PHD3 and HCLK2, we asked whether PHD3 and its hydroxylase activity are required for the activation of the ATM/CHK2 and ATR/CHK1 pathway in response to DNA damage. To answer this question, we treated HeLa cells with DMOG (to inhibit PHD3 activity) for 4 hours, followed by NCS treatment to induce DNA double-strand breaks, thereby activating both the ATR/CHK1 and ATM/CHK2 pathways (Figure 2A and ref. 11) . Treatment of cells with DMOG did not affect the steady-state protein level of HCLK2, suggesting that, unlike the PHD prolyl hydroxylation of HIF-1α and β 2 -AR, interaction of PHD3 with HCLK2 does not lead to HCLK2 degradation ( Figure 2B ). In addition, treatment of cells with DMOG for 4 hours had no effect on the protein levels of ATM, ATR, CHK1, and CHK2 ( Figure 2B and as shown below). Interestingly, treatment of cells with DMOG dramatically inhibited the phosphorylation of CHK1 and p53 induced by NCS, without affecting the phosphorylation of ATM and CHK2 ( Figure 2B and Supplemental Figure 2A) . Similarly, DMOG also substantially inhibited the activation of CHK1 induced by hydroxyurea (Supplemental Figure 2B) . Since oxygen is an essential cosubstrate of PHDs, and hypoxia significantly inhibits their enzymatic activity (12), we next examined the effect of oxygen deprivation on the ability of NCS to activate CHK1. Not surprisingly, 1% O 2 markedly inhibited phosphorylation of CHK1 induced by NCS, further implying a role for PHD3 in the activation of the ATR/CHK1 pathway (Supplemental Figure 2C) .
To maintain genome integrity, DNA damage induced by either environmental agents such as UV light or agents derived from normal cellular metabolism such as reactive oxygen species must be repaired. Cells harboring nonrepairable DNA damage will be programmed to senescence or death. DDR plays a central role in these processes. Interestingly, PHD3 has long been considered as a proapoptotic protein and plays an essential role in neuronal apoptosis (13, 14) . To determine whether prolyl hydroxylation mediated by PHD3 plays a crucial role in apoptosis induced by DNA damage, we treated HeLa cells with UV light to activate DDR and induce apoptosis. We found that UV treatment of HeLa cells induced activation of CHK1 and caspase-3 ( Figure 2 , C and D, and Supplemental Figure 2D ) and led to substantial apoptotic cell death after 8 hours of treatment ( Figure 2 , E and F). However, when cells were treated with DMOG, activation of CHK1 and caspase-3, as well as the subsequent apoptosis induced by UV treatment, were dramatically inhibited ( Figure 2 , C-F, and Supplemental Figure 2D ). Both the DDR and JNK pathways can be activated by UV light and play crucial roles in UV-induced apoptosis (15, 16) . In contrast, treatment of cells with DMOG before UV irradiation had no effect on the activation of JNK1/2 (Supplemental Figure  2D) , further confirming the specificity of the inhibitory effect of DMOG on the ATR/CHK1 pathway.
Since DMOG is a pan-inhibitor of 2-oxoglutarate-dependent dioxygenase, its inhibitory effect on CHK1 activation implied the involvement of a prolyl hydroxylase in the activation of the ATR/CHK1 pathway. However, these data did not identify which prolyl hydroxylase was involved or explain what functional role this prolyl hydroxylase was playing. Therefore, to determine whether PHD3 specifically regulates the ATR/CHK1 pathway and to assess the functional role it might play, we knocked down the expression of endogenous PHD3 in HeLa cells using PHD3-specific small, interfering RNA (si-RNA) and discovered that partial depletion of PHD3 markedly inhibited CHK1 activation induced by NCS ( Figure 3A ). It was demonstrated that HCLK2 prevented spontaneous DNA damage, and depletion of HCLK2 led to the accumulation of the focus formation of the single-stranded DNA-binding protein subunit RPA32 in HeLa cells under nonchallenged conditions in an ATR-dependent manner (8) . Considering the important role of PHD3 in the ATR/HCLK2 pathway, we next asked whether depletion of PHD3 in HeLa cells would also result in a replication stress. Indeed, we observed a significant accumulation of RPA32 foci in HeLa cells transfected with PHD3-specific si-RNA compared with that in cells transfected with the scrambled si-RNA (si-scramble) ( Figure 3 , B and C). Approximately 10% of cells transfected with si-RNA specific for PHD3 (si-PHD3) exhibited RPA32 foci under nonchallenged conditions, compared with less than 0.5% of cells transfected with si-scramble ( Figure 3 , B and C). Collectively, these data suggest that PHD3 and its hydroxylase activity play an essential role in activating the ATR/CHK1 pathway in HeLa cells.
PHD3 hydroxylation of HCLK2 mediates the interaction between HCLK2 and ATR. To refine our understanding of the role that PHD3 has on the activation of the ATR/CHK1 pathway, we dissected out the individual components of this pathway and analyzed the effect that hydroxylation has on each component. Treatment of cells with DMOG had no effect on the level of ATR kinase activity as determined by an in vitro kinase assay, ruling out the possibility that DMOG directly inhibits ATR kinase activity ( Figure 4A ). Given that the formation of an ATR/HCLK2 complex is crucial for CHK1 activation (10), we next examined the effect of DMOG on the association between ATR and HCLK2. Interestingly, pretreatment of cells with DMOG significantly inhibited the interaction of ATR with HCLK2 ( Figure 4B ).
It is well documented that prolyl hydroxylation potentiates the interaction between HIF-1α and pVHL (3, 4) , and we have recently demonstrated that prolyl hydroxylation of β 2 -AR also facilitates its interaction with pVHL (5) . Having demonstrated that PHD3 directly interacts with HCLK2 and is required for the activation of the ATR/CHK1 pathway, we hypothesized that HCLK2 is also a hydroxylation substrate of PHD3 and that hydroxylation of HCLK2 potentiates its association with ATR. To test this hypothesis, we performed an in vitro quantitative hydroxylation assay using 2-oxoglutarate [1-14 C] as the cosubstrate and measured the radioactivity of 14 Figure 5B ). In addition, 2 more hydroxylation sites in HCLK2 at Pro 419 and Pro 422 were also identified with similar approach (Supplemental Figure 3) . Thus, our data demonstrating that PHD3 can hydroxylate HCLK2 on multiple proline residues provides a mechanistic link for the involvement of PHD3 in the activation of the ATR/CHK1 pathway and subsequent apoptosis induced by DNA damage.
Our hypothesis that prolyl hydroxylation of HCLK2 potentiates its interaction with ATR was further strengthened by an in vitro hydroxylation assay using GST-HCLK2 340-530 as a substrate with recombinant PHD3. As shown in Figure 5C , the interaction between recombinant GST-HCLK2 340-530 and ATR increased markedly after incubation with PHD3 but was abolished by DMOG, verifying that PHD3-mediated prolyl hydroxylation of HCLK2 regulates its interaction with ATR. In addition, the interaction between HCLK2 and ATR in HeLa cells was increased by overexpression of PHD3 and markedly inhibited by hypoxia (Supplemental Figure 4) . Furthermore, mutation of Pro 374 , Pro 419 , and Pro 422 on HCLK2 to Ala dramatically reduced the interaction between HCLK2 P374A/P419A/P422A and endogenous ATR ( Figure 5D ). Interestingly, although the interaction between ATR and either of the single mutants HCLK2 P374A or HCLK2 P419A was also partially inhibited, DMOG could still further attenuate their interactions (Supplemental Figure 5) . In contrast, mutations at Pro 400 and Pro 401 of HCLK2, which are not hydroxylated, had no effect on the interaction between HCLK2 and ATR (Supplemental Figure 5) . Taken together, these experiments provide substantial support for a model in which PHD3 hydroxylates HCLK2 on multiple, yet specific, proline residues and indicate that this is a necessary step in order for optimal association of HCLK2 and ATR and subsequent activation of the ATR/CHK1 pathway.
Knockout of endogenous PHD3 inhibits the activation of the ATR/CHK1/p53 pathway following DNA damage and blocks G 0 /G 1 to S phase transition in primary embryonic fibroblasts. To determine whether the hydroxylation of HCLK2 mediated by PHD3 holds any physiological significance in vivo, we generated Phd3 f/f ;Cre/Esr1 +/-(Phd3 ƒ/ƒ ;Cre +/-) mice by crossing Phd3 f/f mice with CAG-Cre/Esr1 transgenic mice (The Jackson Laboratory), which have a tamoxifen-inducible and Cre-mediated recombination system driven by the chicken β-actin promoter (18) . Primary mouse embryonic fibroblasts (MEFs) were isolated from embryos on day 13.5 and genotyped to identify MEF populations that were either Phd3 ƒ/ƒ ;Cre +/-or Phd3 ƒ/ƒ ;Cre -/-(Supplemental Figure 6A) . Phd3 ƒ/ƒ ;Cre +/-MEFs were subsequently treated with 4-hydroxy-tamoxifen (4-OHT) to deplete the expression of PHD3 at both the mRNA and protein levels (Supplemental Figure 6B and Figure 6A ). MEFs from PHD3-containing or PHD3-depleted populations were treated with either UV irradiation or NCS to induce DNA damage, and the activation of CHK1 and p53 was assessed. As shown in Figure 6A and Supplemental Figure 6C , depletion of PHD3 in MEFs resulted in a dramatic inhibition of CHK1 and p53 activation, whereas phosphorylation of JNK1/2 was not affected (Supplemental Figure 6C) . Similarly, CHK1 activation induced by IR was also inhibited when PHD3 was depleted from Phd3 ƒ/ƒ ;Cre +/-MEFs (Supplemental Figure 6D) . The inhibitory effect of 4-OHT on CHK1 and p53 activation was not due to non- Western blots were then performed with the indicated antibodies. Densitometry analysis (mean ± SEM) was performed for the coimmunoprecipitated ATR. n = 3; *P < 0.01. specific activity, since CHK1 and p53 were phosphorylated normally in Phd3 ƒ/ƒ ;Cre -/-MEFs in the presence of 4-OHT ( Figure 6A and Supplemental Figure 6C ). To ensure that the inhibitory effect of PHD3 depletion on CHK1 activation was not related to some unique characteristic of Phd3 ƒ/ƒ ;Cre +/-MEFs, we infected Phd3 ƒ/ƒ ;Cre -/-MEFs with adenovirus-expressing Cre recombinase (Ad-Cre) to render these cells PHD3-deficient. Western blot analysis demonstrated that the Ad-Cre-induced reduction in the protein level of endogenous PHD3 correlated with a substantial inhibition in the activation of CHK1 (but not CHK2) induced by NCS in Phd3 ƒ/ƒ ;Cre -/-MEFs (Supplemental Figure 6E) . Finally, we infected Phd3 ƒ/ƒ ;Cre +/-MEFs with Ad-PHD3 and Ad-PHD3 H135A/D137A/H196A (PHD3M, a hydroxylase-inactive form of PHD3), in which the crucial HxD.H motif for Fe 2+ binding is mutated (19) , and demonstrated that only wild-type PHD3 but not PHD3M restored the activation of CHK1 induced by NCS in Phd3 ƒ/ƒ ;Cre +/-MEFs after treatment with 4-OHT ( Figure 6B ).
It was reported that depletion of HCLK2 from primary MEFs induced cell cycle arrest with reduced S phase index (9) . Interestingly, PHD3 was recently shown to play a role in cell cycle regulation, and knockdown of PHD3 inhibited G 1 phase to S phase transition in carcinoma cells (20) obtained in cells in which endogenous PHD3 activity had been inhibited (either by DMOG treatment or PHD3-specific si-RNA) and validated the use of transgenic mice of this genotype in studying the physiological ramifications of PHD3 deletion in vivo.
PHD3 plays a crucial role in thymocyte apoptosis following DNA damage in vivo. To examine whether the molecular and cellular defects in the ATR/CHK1 pathway caused by deletion of PHD3 discovered in our in vitro studies resulted in an alteration in the in vivo response to DNA damage, we treated Phd3 ƒ/ƒ ;Cre +/-mice and Phd3 ƒ/ƒ ;Cre -/-littermates with tamoxifen, thereby depleting PHD3 expression in Phd3 ƒ/ƒ ;Cre +/-mice (Supplemental Figure 7A) . Subsequently, mice were irradiated with 9 Gy of X-rays and monitored for survival. All Phd3 ƒ/ƒ ;Cre -/-mice (n = 31) died within 2 weeks after irradiation, with a 50% survival time of 11 days, which is similar to previous reports (21) . In contrast, approximately half of the Phd3 ƒ/ƒ ;Cre +/-mice (n = 22) survived beyond 2 weeks, with a 50% survival time of 16 days ( Figure 7A ). Since thymocyte apoptosis and depletion are important biomarkers of DNA damage and toxicity associated with IR (21), we were interested in determining whether there was a difference in the degree of apoptotic markers in the thymuses of Phd3 ƒ/ƒ ;Cre +/-mice compared with that in Phd3 ƒ/ƒ ;Cre -/-mice following irradiation. Therefore, we performed Western blot analysis to examine the activation of caspase-3 in the thymus after IR. Activation of caspase-3 and CHK1 was significantly inhibited in thymuses from Phd3 ƒ/ƒ ;Cre +/-mice ( Figure 7 , B and C, and Supplemental Figure 7C ). In addition, TUNEL staining revealed that there was a substantial decrease in apoptosis in the thymuses from Phd3 ƒ/ƒ ;Cre +/-mice (Supplemental Figure 7B) . Taken together, these results indicate that PHD3 plays a crucial role in thymocyte apoptosis induced by DNA damage in vivo and that deletion of PHD3 increases the survival of mice upon IR.
Discussion
The results presented here demonstrate that hydroxylation of HCLK2 by PHD3 regulates the activation of the ATR/CHK1 pathway and subsequent apoptosis in response to DNA damage. Our experiments also provide evidence that HCLK2 is a bone fide substrate of PHD3. In addition to HIF-1α, a short list of PHD3 substrates, including β 2 -AR and PKM2, have been identified, suggesting that prolyl hydroxylation is a posttranslational modification that regulates a unique set of cellular events (5, 6, 12) . The first identified role for prolyl hydroxylation, catalyzed by collagen The relative sizes of G0/G1 to S phase ratio of the indicated MEFs (mean ± SEM). n = 3; *P < 0.01. dent fashion (27) . Likewise, under hypoxic conditions, tumor cells can acquire radioresistance or chemoresistance both in vitro and in vivo (27, 28) . Clinical trials over the last four decades have demonstrated that the origin of radioresistance can be eliminated by normoxic or hyperoxic modification of tumor environment (29) , implying that radioresistance of tumor cells may be a direct result of lack of oxygen, rather than just genetic mutations. More pertinent to this study is the recent report that activation of PHDs by esterified 2-oxoglutarate is associated with increased apoptosis in the hypoxic region of tumors and inhibition of tumor growth in a HIF-1α−independent and PHD3-dependent way (30) . Furthermore, silencing of PHD3 by abnormal hypermethylation of its promoter region is evident in a wide range of cancer types (31), suggesting that the inhibition or suppression of PHD3 may provide a selective advantage for tumors. The studies presented here provide a mechanism through which such effects might occur.
In summary, the data we present here advance our understanding of the regulation of the DDR, linking PHD3-mediated prolyl hydroxylation of HCLK2 to activation of the ATR/CHK1 pathway and revealing a potential mechanism for how hypoxia inhibits the DDR. The discovery that HCLK2 is a substrate for PHD3-dependent prolyl hydroxylation defines the hydroxylation of HCLK2 as a potential druggable mechanism for regulating the ATR/CHK1/ p53 pathway to modulate events that endanger genomic integrity and determine the successful treatment of tumorigenesis.
Methods
Animals. Phd3 f/f mice were described previously (32) . The CAG-Cre/Esr1 transgenic mice, which have a tamoxifen-inducible and Cre-mediated recombination system driven by the chicken β-actin promoter, were obtained from The Jackson Laboratory and mated with Phd3 f/f mice to generate Phd3 f/f ;Cre +/-mice. Phd3 f/f ;Cre +/-mice were then mated with Phd3 f/f ;Cre -/-mice to generate Phd3 f/f ;Cre +/-and Phd3 f/f ;Cre -/-mice for experiments. The genotypes of these mice were determined by PCR as described previously with a protocol provided by The Jackson Laboratory (32) .
Tamoxifen injection and IR. Tamoxifen (Sigma-Aldrich) in corn oil (20 mg/ml) was aliquoted and frozen at -80°C for later use. Phd3 f/f ;Cre +/-mice, at approximately 6 to 8 weeks old, were injected intraperitoneally with tamoxifen (1 mg/20 g body weight/d) for 5 consecutive days to generate Phd3 -/-prolyl-4 hydroxylase (C-P4H), was to assist in the proper folding and stability of the collagen triple helix structure (22) . C-P4H and the PHDs belong to the same superfamily of Fe +2 and 2-oxoglutarate-dependent dioxygenases (19) . However, unlike C-P4H, which catalyzes prolyl hydroxylation in conserved X-Pro-Gly or X-Pro-Ala motifs, PHDs do not require a strict motif for substrate hydroxylation. Although the hydroxylation of HIF-1α occurs in a conserved LXXLAP motif, substitution of the flanking Leu or Ala residues has little effect on prolyl hydroxylation (12, 23) . In addition, this motif is not required for the prolyl hydroxylation of β 2 -AR and PKM2 (5, 6) . The crystal structure of the catalytic domain of PHD2, with a peptide corresponding to HIF-1α c-terminal oxygen-dependent degradation (CODD) domain, reveals multiple hydrophobic interactions between PHD2 and the Leu residues flanking Pro 564 in CODD (24) . Although there are multiple Leu residues near Pro 374 of human HCLK2, sequence alignment indicates that this proline residue is not conserved in mammals (Supplemental Figure 8A) . Conversely, Pro 419 and Pro 422 , which lack the flanking Leu residues, are highly conserved in vertebrates (Supplemental Figure 8B) , suggesting that hydroxylation of these 2 Pro residues may be conserved in vertebrates and, therefore, that the flanking Leu residues are not crucial for prolyl hydroxylation mediated by PHDs.
Solid tumors often contain hypoxic regions, and the presence of these hypoxic regions within tumor masses is associated clinically with a poor prognosis (25) . Protein levels of HIF-1α, the most wellcharacterized substrate of the PHDs, are significantly increased in many solid tumors, especially in those regions farthest from blood vessels that are more hypoxic (25) . It is believed that this increased expression of HIF-1α provides a survival advantage for tumor cells under hypoxic conditions, with HIF-1α mediating adaptive responses to hypoxia by regulating target genes, such as angiogenic factors, glucose transporters, and glycolytic enzymes (25) . However, the causal role of HIF-1α in tumor development has not been firmly established, apart from a few cases, such as pVHL-defective tumors (26) . In addition to the HIF-1α-mediated adaptive changes seen in hypoxic tumors, accumulated evidence supports the notion that hypoxia can attenuate DNA repair, increase mutation rates, and drive genetic instability, suggesting that hypoxia may directly impact the DDR in a HIF-1α-indepen- Immunofluorescence, TUNEL staining, and microscopy. After 3 days of transfection with si-RNA, cells were washed with PBS, fixed, and permeabilized in phosphate-buffered 2% paraformaldehyde/0.2% Triton X-100 for 30 minutes at 4°C. Immunofluorescence labeling was carried out with a mouse anti-RPA32 antibody (ab2175, Abcam) followed by a FITC-conjugated goat anti-mouse secondary antibody (Jackson ImmunoResearch Laboratories Inc.) and DAPI (Sigma-Aldrich). Images were acquired by confocal laser-scanning microscopy (Zeiss 710). Thymuses from Phd3 f/f ;Cre +/-and Phd3 f/f ;Cre -/-mice were fixed with a 10% formalin solution, embedded in paraffin prior to sectioning, and stained with hematoxylin and eosin. TUNEL staining was performed following the protocol provided by manufacturer (S7100, Millipore).
LC-MS/MS analysis. HCLK2 340-530 immunoprecipitated from HeLa cells was excised from a Coomassie blue-stained SDS gel followed by dithiothreitol reduction, iodoacetamide alkylation, and in-gel digestion (12.5 ng/μl trypsin overnight). Resulting tryptic peptides were concentrated and analyzed by a C18 capillary reverse-phase liquid chromatography coupled with tandem MS (LC-MS/MS) using a LTQ Orbitrap Velos (ThermoFisher Scientific) under optimized conditions (33) . The acquired MS/MS data were searched against a database to identify hydroxylated proline sites in HCLK2 through a dynamic mass shift for the modified proline (+15.9949 Da). The identified modified peptides were accepted after manually examining the MS/MS spectra. Moreover, an additional LC-MS/MS run was performed to confirm the presence of the hydroxylated peptides, in which high-resolution MS/MS data were collected in the Orbitrap for validation.
Statistics. Data are shown as mean ± SEM for 3 to 4 separate experiments. Differences were analyzed with 2-tailed Student's t test. Values of P ≤ 0.05 were considered statistically significant.
Study approval. All animal procedures were approved by the Institutional Animal Care and Use Committee of University of North Carolina at Chapel Hill.
